ABSTRACT: The first total synthesis of speciosins P and G, previously isolated from Hexagonia speciosa, is reported. These compounds have been synthesized by Sonogashira coupling from readily available starting materials. Siccayne was also synthesized from the same starting material in two steps along with a number of other derivatives. The compounds were tested in the wheat coleoptile bioassay. The most active compound was the intermediate 18, followed by 29 and 17. The structural requirements for activity in these compounds are the presence of methoxy groups in the aromatic ring and a formyl or hydroxy group in the side chain.
I n 2009
1 and 2011, 2 Jiang and co-workers isolated a series of substituted hydroquinones, named speciosins A−T, from the Chinese fungus basidiomycete Hexagonia speciosa. Speciosins G (1) and P (2) are structurally similar to the biologically active siccayne (3) (Figure 1 ), which was isolated from the fungus Helminthosporium siccans in 1968 and the marine basidiomycete Halocyphina villosa in 1981. 3, 4 Related compounds such as siccayne, which are present in bacteria, fungi, higher plants, and mollusks, have a wide range of bioactivities.
Compound 3 showed moderate antibiotic activity, inhibited mitochondrial respiration in Saccharomyces cerevisiae, 5 and showed cytotoxic activity against the human cancer cell lines HeLa and HT29, 5, 6 making speciosins G and P potential targets in the development of drugs or pesticides.
A retrosynthetic analysis for compounds 1 and 2 is shown in Scheme 1. The key point in this strategy is the attachment of the carbon chain to the aromatic nucleus. The starting materials required to generate the corresponding aryl bromide 6 are readily available and cheap [p-benzoquinone (4), p-dimethoxybenzene (5)].
Compound 6 could be linked with propargyl alcohol 7 by Pdcatalyzed Sonogashira coupling to give 8, which in turn would provide key aldehyde 9 by oxidation. Compound 9 would allow access to 1 and 2 by functionalization reactions.
A second aim of this work was the preparation of analogues of these compounds, along with siccayne (3), in order to study their structure−activity relationships.
■ RESULTS AND DISCUSSION
Synthesis. Compound 6a 7 was obtained from 4. 8 The key reaction is the Sonogashira cross-coupling with propargyl alcohol. 9−11 This reaction was initially carried out under the conditions reported for the preparation of siccayne (3) . In this process n-butylamine was used as the solvent and Pd(PPh 3 ) 4 as the catalyst at 78°C. The yields obtained using these conditions were about 80%. 8 The introduction of Cu(I) as a cocatalyst led to a decrease in the yield. However, when the reactor was sealed and heated to 100°C, the yields increased to 96%, i.e., better than previously reported yields (Scheme 2). The reaction conditions involved the use of equimolecular amounts of aryl bromide 6a and propargyl alcohol (7) in the presence of the commercially available catalyst tetrakis(triphenylphosphine)palladium(0) (3−5 mol %) and n-butylamine as solvent.
The feasibility of the oxidation of 8 12 to aldehyde 9 was assessed using the Corey−Suggs reagent, pyridinium chlorochromate (PCC), 13−15 Dess−Martin periodinane (DMP), 16 and Swern oxidation (Scheme 3). 17 The latter conditions were selected and permitted scale-up to 3.1 mmol with 91% yield.
Homologation of the side chain was achieved by the Corey− Chaykovsky reaction (Scheme 4). 18−20 Thus, epoxide 10 was obtained by in situ generation of the dimethylsulfonium methylide 12 and subsequent addition of a dichloromethane solution of the aldehyde 9. Quantitative acid-mediated hydrolysis of epoxide 10 was performed in acetone/H 2 SO 4 to give compound 11. Deprotection of the OMOM groups was carried out in a solution of HCl in MeOH to give (±)-speciosin P (2) in 90% yield (72% overall yield).
2 Simultaneous hydrolysis and deprotection was not possible. When this reaction was carried out in MeOH/H 2 SO 4 , the methoxy derivative 12 of (±)-speciosin P (2) was obtained.
The synthesis of speciosin G requires olefination of aldehyde 9 (Scheme 5). Wittig reaction of 9 with methyltriphenylphosphonium iodide under standard conditions 21 provided compound 13 after decarbonylation, as observed previously for other alkynyl aldehydes. 22 The modification reported by Takai, in which zinc dust, trimethylaluminum, and CH 2 I 2 are used, was also employed to synthesize 14, albeit in a yield less than 15%. Alternatively, Grignard coupling 23 gave a satisfactory yield of 15, and this was subsequently dehydrated. The commonly used method with POCl 3 led to poor yields (17−20%). The use of Burgess' reagent (6 equiv added in three portions over 60 h) under reflux and dry conditions gave 14 in 80% yield. 24 Deprotection under acidic conditions yielded speciosin G (1) in 90% yield (62% overall yield).
The presence of hydroxy and/or methoxy groups can markedly change the bioactivity of phenolic compounds. 25 Thus, we also prepared all of the intermediates with methoxy groups in the aromatic ring. Several intermediates of speciosins were also deprotected to give the corresponding hydroxy compounds for subsequent assay. The reactions are summarized in Scheme 6.
Siccayne (3) and its derivatives were also target compounds. Siccayne (3) was synthesized in 94% yield by direct Sonogashira reaction with the MOM-protected bromohydroquinone 6a. The initial reaction temperature was 0°C, and this was increased gradually to 100°C due to the volatility of alkyne 25. Deprotection also gave siccayne (3) in good yield (90%) under the conditions used for speciosins. Modification of the initial chain of 25 to give diol 26 26 and acetate 27 permitted the synthesis of siccayne derivatives with or without methoxy groups in the aromatic ring (Scheme 7). The acetyl group was removed during the Sonogashira reaction in all cases. It was not possible to obtain compound 34 by deprotection of 30. The acetylated derivative of 6 was prepared by Sonogashira coupling of 6b.
7
The preparation of speciosin G (1) and (±)-speciosin P (2) was optimized by carrying out a number of Sonogashira reactions under different conditions, which included changes in temperature, the use of CuI as a cocatalyst, and altering the number of equivalents of reagents. The results are summarized in Table 1 . The presence of primary hydroxy groups in the alkynyl chain at 100°C was better tolerated when CuI was not used (entries 3, 6, 16, and 17) . The presence of tertiary hydroxy groups did not have any influence, and better results were obtained on using a cocatalyst (entries 18 and 24). In general, higher yields were obtained by increasing the reaction temperature. It was not necessary to use a temperature above 100°C, and this led to low overpressure and allowed the accurate control of the reaction.
Speciosins G (1) and P (2) have been synthesized for the first time in overall yields of 72% and 62%, respectively, from 6a in five steps. Siccayne (3) was also synthesized from the same starting material in two steps with an overall yield of 83%. This procedure was simpler and more efficient than the reported process. 8, 27 Bioactivity. A total of 16 compounds were evaluated by the wheat coleoptile bioassay. This is a rapid test that is sensitive to a wide range of bioactive substances, including plant growth regulators, herbicides, antimicrobials, mycotoxins, and assorted pharmaceuticals. 28−30 The results are shown in Figure 2 , in which negative values signify inhibition, positive values denote activation, and zero represents control.
The most active compound was 18, followed by 29 and 17. This trend can be seen more clearly by calculating the IC 50 values for the assayed compounds (Table 2) , which have values of 323, 670, and 952 μM, respectively. Regarding the structural requirements for activity, comparison of pairs (29, 3) , (31, 34) , and (21, 1) shows that the presence of the methoxy group led to an increase in activity. On the other hand, the compounds with only one hydroxy group in the chain are more active than those that contain two hydroxy groups [cf. (22, 19) and (2, 24) ]. Comparison of the siccayne (3, 29, 31 , and 34) and speciosin (1, 2, 21, and 22) derivatives revealed that the siccayne derivatives are more active than the speciosins.
In summary, a number of derivatives were prepared and tested in the wheat coleoptile bioassay. The optimum structural requirements for activity in these compounds are the presence of methoxy groups in the aromatic ring and a formyl or hydroxy group in the chain. 4 . Chemical shifts (δ) are reported in parts per million (ppm) relative to either a TMS internal standard or solvent signals. HRMS data were obtained on a Waters SYNAPT G2 mass spectrometer (70 eV). Column chromatography was performed on silica gel (35−75 mesh), and TLC analysis was carried out using aluminum precoated silica gel plates. Synthetic products were purified by preparative HPLC using a Lichrosorb silica 60 semipreparative column (Lichrospher SiO 2 , Merck, 7 and 10 μm, 150 × 10 nm) and Lichrosorb silica 60 analytical columns (Lichrospher SiO 2 , Merck, 7 and 10 μm, 250 × 10 mm) in conjunction with a Hitachi Lachrom D-7000 PLC system with a Hitachi L-7490 RI detector and Hitachi L-7420 UV detector.
General Procedure for the Sonogashira Coupling.
8,10,11
Compounds 6a 31 and 16 8 were synthesized according to literature procedures. Aryl halide 6a or 16 (9.21 mmol) in n-butylamine (6.4 mL) was placed in a flame-dried round-bottomed flask under an argon atmosphere. A mixture of terminal alkynes 7, 25, 26, or 27 (9.21 mmol) in n-butylamine (10 mL) and Pd(Ph 3 ) 4 (5% or 3%) was added, with the optional addition of CuI (3%) where appropriate. The mixture was heated for 21 h at 98°C and poured into H 2 O (80 mL). The product was extracted with EtOAc (3 × 80 mL). The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. The crude product was purified by silica gel column chromatography (EtOAc/hexanes, 10−50%). Figure 2 . Effect of the compounds tested on etiolated wheat coleoptiles. The bioassays were carried out in triplicate. Generation of the Key Aldehyde. 17 Oxalyl chloride (272.3 μL, 3.12 mmol) in dry CH 2 Cl 2 (9 mL) was added to a stirred solution of DMSO (332 μL, 4.68 mmol) in dry CH 2 Cl 2 (1.5 mL) under an argon atmosphere at −78°C. The mixture was stirred for 15 min, and the alcohol 8 (393.5 mg, 1.56 mmol) or alcohol 17 (300 mg, 1.56 mmol) in dry CH 2 Cl 2 (12 mL) was added dropwise (Note: Swern oxidation could be scaled-up to 1.56 mmol of starting material). After the starting material had been consumed (nearly 2 h), Et 3 N (1.88 mL, 7.8 mmol) was added. The reaction mixture was stirred at −78°C for a further 30 min and was allowed to warm to rt and quenched with saturated NH 4 Cl and H 2 O, and the mixture was stirred for 30 min. The organic phase was decanted off, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 30 mL). The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. 3-(2,5-Dimethoxyphenyl)propiolaldehyde (18 .0528). General Procedure for Acetylation. Acetylations were carried out using the standard methodology, which involved dissolving the compound in dry pyridine (5 mL) and adding an excess of Ac 2 O at 0°C. The reaction was complete after 16 h, warmed from 0°C to room temperature, and quenched by adding distilled H 2 O. The product was extracted with EtOAc (3 × 25 mL), and the combined organic layers were washed several times with saturated aqueous CuSO 4 until the pyridine had been removed. The organic layer was then dried over anhydrous NaSO 4 , filtered, and concentrated under vacuum.
2-Hydroxy-2-methylbut-3-yn-1-yl acetate 33 (27 General Procedure for the Corey−Chaykovsky Epoxidation. 20 Potassium hydride (1.8 mmol) as a 30% mineral oil dispersion was placed in a 25 mL two-necked, round-bottomed flask and washed four times with 10 mL portions of hexanes by swirling, allowing the hydride to settle, and decanting, in order to remove the mineral oil. In a separate 25 mL two-necked round-bottomed flask, dry CH 2 Cl 2 (1 mL) was added to trimethylsulfonium methyl sulfate 20 (1.8 mmol) under an argon atmosphere. This solution was added to the first vessel, and the mixture was stirred at rt for 1 h to obtain dimethylsulfonium methylide. A solution of aldehyde 9 (114 mg, 0.6 mmol) or 18 (150 mg, 0.6 mmol) in dry CH 2 Cl 2 (3.5 mL) was added, and the reaction mixture was heated under reflux at 60°C for 6 h under argon to generate the epoxides. Water (10 mL) was added at rt, and the solution was stirred for 30 min. The organic phase was decanted off, and the aqueous phase was extracted with CH 2 Cl 2 (3 × 10 mL). The combined organic phases were washed with brine and dried over anhydrous Na 2 SO 4 . Evaporation of the solvent gave a residue, which was purified on Sephadex LH-20 eluting with 95% CH 2 Cl 2 /hexanes. 4-(2,5-Dimethoxyphenyl)but-3-yne-1,2-diol (22) . Compound 20 (20 mg, 0.1 mmol) in dry CH 2 Cl 2 (2 mL) was placed in a flame-dried round-bottomed flask under an argon atmosphere, and H 2 SO 4 (1M, 8 mL) was added to the solution. The reaction mixture was heated under reflux at 50°C for 24 h under argon. The mixture was cooled to rt and stirred for 16 h, the mixture was cooled to 0°C, NaHCO 3 was added to give pH = 7, and the solution was stirred for 30 min. The organic phase was decanted off, and the aqueous layer was extracted with EtOAc (3 × 10 mL). The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. The crude material was purified by silica gel column chromatography, eluting with 60% EtOAc/hexanes, to give compound 22 (18.9 mg, 87% yield) as a gray, amorphous solid: IR (KBr) ν max 3346, 2187 cm 23 Compound 9 (150 mg, 0.599 mmol) or 18 (50 mg, 0.26 mmol) in dry THF (7.5 mL) was placed in a flame-dried round-bottomed flask under an argon atmosphere at 0°C. The mixture was stirred for 5 min, and MeMgBr in THF (1M, 1.5 equiv) was added dropwise to the solution over 5 min. The reaction mixture was warmed to rt and stirred for 2.5 h. The mixture was cooled to 0°C, quenched with saturated NH 4 Cl, and stirred for a further 30 min. The aqueous layer was extracted with EtOAc (3 × 15 mL). The combined organic layers were washed with brine and dried over anhydrous Na 2 SO 4 . Evaporation of the solvent gave a residue, which was purified on Sephadex LH-20 eluting with 95% CH 2 Cl 2 /hexanes to give compound 15 (159 mg, 99% yield) or compound 19 (54 mg, 99% yield) as a yellow oil.
4-[2,5-Bis(methoxymethoxy)phenyl]but-3-yn-2-ol 23 (15) . IR (KBr) ν max 3398, 2226 cm −1 ; 1 H NMR (CDCl 3 , 400 MHz) δ 1.51 (3H, d, J = 6.6 Hz, H-10), 3.43 (3H, s, H-4b), 3.48 (3H, s, H-1b 3H, s, H-4a), 3.83 (3H, s, H-1a Dehydration Methodology. 24 (Carboxysulfamoyl)triethylammonium hydroxide inner salt methyl ester 34, 35 (Burgess' reagent) (70 mg, 0.29 mmol, 3.9 equiv) in dry benzene (2 mL) and 15 (20 mg, 0.19 mmol) in dry benzene (1 mL) were placed in a flame-dried roundbottomed flask under an argon atmosphere. The mixture was heated under reflux at 110°C for 18 h. A further portion of Burgess' reagent (54 mg, 0.23 mmol, 3 equiv) was added to the reaction mixture, and this was heated under reflux for 24 h. Finally, an additional 3 equiv of Burgess' reagent was added to the reaction mixture, and this was heated under reflux for 24 h. The reaction mixture was cooled to rt, quenched with saturated brine (5 mL), and stirred for a further 30 min, and the organic layer was decanted off. The aqueous layer was extracted with EtOAc (3 × 20 mL), and the combined organic layers were washed with brine, dried over anhydrous MgSO 4 , and evaporated under reduced pressure. The crude material was purified by silica gel column chromatography, eluting with 15% EtOAc/hexanes, to give compound 14 (15.1 mg, 81% yield) as a yellow oil.
2-But-3-en-1-yn-1-yl-1,4-bis(methoxymethoxy)benzene (14) . IR (KBr) ν max 2330, 1741 cm (12) . Compound 10 (0.1 mmol) in MeOH (2.8 mL) was placed in a flame-dried round-bottomed flask under an argon atmosphere. H 2 SO 4 (95 μL) was added dropwise to the solution, and this was stirred for 30 min. The reaction mixture was quenched with saturated NH 4 Cl and stirred for a further 30 min, and the organic layer was separated. The aqueous layer was extracted with EtOAc (3 × 10 mL). The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. The crude material was purified by silica gel column chromatography, eluting with 60% EtOAc/hexanes, to give compound 12 (27.9 mg, 90% yield) as a colorless oil, which was highly air-sensitive (the compound needs to be frozen and kept in the dark under argon). IR (KBr) ν max 3336, 2197 cm .0736). Speciosin P. Compound 11 (22 mg, 0.078 mmol) in MeOH (1 mL) was placed in a flame-dried round-bottomed flask under an argon atmosphere, and HCl [33%] (10 μL) was added to the solution. The reaction mixture was heated under reflux at 70°C for 2 h. The mixture was cooled to rt, and saturated KHCO 3 (5 mL) was added to adjust the pH of the solution to 7. The aqueous phase was extracted with EtOAc (4 × 10 mL). The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. The crude material was purified by silica gel column chromatography, eluting with 40% CHCl 3 /acetone, to give the natural product (±)-speciosin P (2) (15.1 mg, 90% yield) as a colorless oil. The spectroscopic data corresponded to the literature data. (10 μL) was added to the solution. The reaction mixture was heated under reflux at 70°C for 2 h under argon. The mixture was cooled to rt, and saturated KHCO 3 (5 mL) was added to adjust the pH of the solution to 7. The aqueous phase was extracted with EtOAc (4 × 10 mL), and the combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. The crude material was purified by silica gel column chromatography, eluting with 40% CHCl 3 /acetone, to give 23 (12 mg, 94% yield) as a colorless oil: IR (KBr) ν max 3270, 2193 cm (20 μL) was added to the solution, and the reaction mixture was heated under reflux at 70°C for 90 min. The mixture was cooled to rt, and saturated aqueous KHCO 3 (5 mL) was added to adjust the pH of the solution to 7. The aqueous phase was extracted with EtOAc (4 × 10 mL). The combined organic layers were washed with brine, dried over anhydrous Na 2 SO 4 , and evaporated under reduced pressure. The crude material was purified by HPLC D7000, eluting with 30% EtOAc/hexanes, to give the natural product speciosin G (1) (11.6 mg, 90% yield) (retention time 12.3 min) as a colorless oil. The spectroscopic data corresponded to the literature data. 1 Wheat Coleoptile Bioassays. Wheat seeds (Triticum aestivum L. cv. Catervo) were sown in 15 cm diameter Petri dishes moistened with H 2 O and grown in the dark at 22 ± 1°C for 3 days. 36 The roots and caryopses were removed from the shoots and were placed in a Van der Weij guillotine, and the apical 2 mm was cut off and discarded. The next 4 mm of the coleoptiles was removed and used for the bioassay. All manipulations were performed under a green safelight. 37 Test solutions of each compound were prepared in a phosphate-citrate buffer solution containing 2% sucrose adjusted to pH 5.6 at concentrations of 1000, 333, 100, 33, and 10 μM. Parallel controls were also run. Five coleoptiles were placed in each test tube containing test or control solutions (2 mL) (three replicates per dilution). The test tubes were rotated at 0.25 rpm on a roller tube apparatus for 24 h at 22°C in the dark. The coleoptiles were digitally photographed and measured. Data were statistically analyzed using Welch's test, 38 and results are presented as percentage differences from control. Thus, zero represents the control, positive values represent growth stimulation, and negative values represent growth inhibition. 
